ABSTRACT We demonstrated previously that dietary calcium suppression of calcitriol reduces adipocyte Ca 2ϩ , suppresses lipogenesis, and increases lipid utilization during energy restriction. Notably, dairy calcium sources exert markedly greater effects. To determine the effects of dietary calcium and dairy products on energy partitioning during subsequent refeeding, we induced obesity in aP2-agouti transgenic mice with a high-fat/highsucrose diet, then restricted energy intake from a high-calcium (1.3%) diet for 6 wk to induce fat loss, and then provided free access to a low-calcium (0.4%) diet or to high-calcium (1.3%) diets that utilized either calciumfortified foods or dairy products (milk or yogurt) for 6 wk. Refeeding the low-calcium diet caused the regain of all weight and fat, whereas all high-calcium diets reduced fat gain by 55% (P Ͻ 0.01). All high-calcium diets stimulated adipose tissue uncoupling protein (UCP)2 and skeletal muscle UCP3 expression (P Ͻ 0.001) and slightly increased core temperature (P ϭ 0.136), but only the dairy-based diets elicited a marked (Ͼ10-fold, P Ͻ 0.001) increase in skeletal muscle peroxisome proliferator-activated receptor-␣ expression. All 3 high-calcium diets produced significant increases in lipolysis, decreases in fatty acid synthase expression and activity, and reduced fat regain (P Ͻ 0.03), but the 2 dairy-containing high-calcium diets exerted significantly greater effects on regain (P Ͻ 0.01). Thus, high-Ca diets elicit a shift in energy partitioning and reduction of weight gain during refeeding, with dairy Ca sources exerting markedly greater effects. J. Nutr. 134: 3054 -3060, 2004.
Although obesity results from chronic energy imbalance, the energy status of an individual influences the partitioning of ingested food energy between oxidation and storage (1-3). Because energy balance in humans is a dynamic state, often characterized by substantial fluctuations in energy intake and expenditure, individual responses to such changes in energy and nutrient status may have important long-term consequences with respect to the retention of body fat. Long-term weight maintenance after successful weight loss may be considered an example of such an adaptation, and is clearly a greater challenge than successful short-term weight loss (4) .
Previous data from this laboratory demonstrated that adipocyte intracellular Ca 2ϩ ([Ca 2ϩ ]i) 4 plays a key role in disorders associated with obesity (5-9). Our understanding of the effects of [Ca 2ϩ ]i derives from studies of the mechanism of action agouti, an obesity gene expressed in rodent and human adipocytes (5, 9) . We demonstrated that recombinant agouti protein stimulates the expression and activity of fatty acid synthase (FAS) (10, 11) , and inhibits lipolysis in both human and murine adipocytes (12, 13) . We also demonstrated that agouti is expressed in human pancreas, and stimulates both Ca 2ϩ -signaling and insulin release in human pancreatic islets, thereby contributing to hyperinsulinemia (14, 15) . This coordinated regulation of lipid metabolism by agouti appears to be responsible for the accumulation of triglyceride in adipose tissue. Further, these effects of agouti can be mimicked by stimulation of Ca 2ϩ influx with KCl and blocked by [Ca 2ϩ ]i channel antagonists (16, 17) , indicating that strategies directed at reducing adipocyte intracellular [Ca 2ϩ ]i would also be expected to reduce triglyceride accumulation in adipose tissue. Recent data from our laboratory demonstrated that calcitrophic hormones, such as 1,25-(OH) 2 -cholecalciferol, cause a significant, sustained increase in [Ca 2ϩ ] i in primary cultured human adipocytes and a corresponding inhibition of lipolysis (18) . Consistent with this, we also reported that suppression of 1,25-(OH) 2 -cholecalciferol by feeding high-calcium diets inhibited [Ca 2ϩ ]i influx and subsequently attenuated diet-induced adiposity by simultaneously stimulating lipolysis and inhibiting lipogenesis (19, 20) , suggesting that dietary calcium may not only attenuate the diet-induced development of adiposity but also promote weight loss in established obesity. We also demonstrated that dairy sources of calcium exert substan-tially greater antiobesity effects than calcium carbonate (19, 20) . Compared with calcium carbonate, the use of dairy products as a calcium source induced a significantly greater attenuation of diet-induced obesity and acceleration of weight and fat loss during energy restriction in both mice and humans (9,19 -21) . Thus, dairy products appear to contain additional bioactive compounds that provide an attenuation of adiposity beyond that found with calcium (5).
We have now used an experimental model to further investigate the effect of [Ca 2ϩ ] i in regulating lipid metabolism in aP2 transgenic mice under conditions of varying nutrient status: ad libitum consumption, energy restriction, and refeeding. The purpose of this study was to investigate the effect of dietary calcium content and sources in regulating lipid metabolism and energy partitioning in response to energy repletion after deprivation.
MATERIALS AND METHODS
Mice and diets. This study was divided into 3 phases. Phase I was designed to induce weight gain and fat accretion, Phase II to induce weight and fat loss, and Phase III to determine the role of calcium and dairy products in attenuating weight and fat gain during refeeding. We utilized aP2-agouti transgenic mice as a model of diet-induced obesity, as previously described (19, 20) . These mice are useful models for diet-induced obesity in a genetically susceptible human population in that they are not obese when they consume a standard AIN-93G diet, but develop mild-to-moderate obesity when fed highsucrose and/or high-fat diets (19 -21) .
Phase I. aP2 transgenic mice (6 wk old) were fed the basal low-calcium/high-sucrose/high-fat diet during the 6-wk obesity induction period. At 6 wk of age, aP2-agouti transgenic mice (n ϭ 60) from our colony began consuming a modified AIN 93G diet (22) with suboptimal calcium (calcium carbonate, 0.4%), sucrose as the sole carbohydrate source and providing 64% of energy; fat increased, to 25% of energy with lard and protein (casein-purified high nitrogen), provided 11% of energy. Mice were studied for 6 wk, during which food intake and spillage were measured daily and body weight, fasting blood glucose, food consumption, and core temperature were assessed weekly. At the end of Phase I, 5 representative mice were killed as described below to collect blood, fat pads, liver, and muscle.
Phase II. At the end of Phase I, the 55 mice remaining were fed a high-calcium diet with energy intake limited to 70% of that found during ad libitum consumption. The high-calcium diet used in this phase consisted of the basal diet with the addition of sufficient calcium-fortified cereal to bring the calcium content of the diet to 1.3%, with the macronutrients adjustments as described previously (19, 20) . Mice were then studied for 6 wk, during which food intake and spillage were measured daily and body weight, fasting blood glucose, food consumption, and core temperature were assessed weekly. At the end of Phase II, 5 mice were killed as described below to collect blood, fat pads, liver and muscle.
Phase III. At the end of the Phase II, the 50 mice remaining were further randomized into 5 groups that consumed the following diets ad libitum: 1) basal diet: modified AIN 93G diet with suboptimal calcium (0.4%), as described in Phase I; 2) high-Ca cereal: the high-Ca-(1.3%) cereal diet described in Phase II; 3) milk plus highCa-cereal: a high calcium cereal plus nonfat milk diet with 1.2% calcium derived from calcium-fortified cereal and an additional 0.1% calcium content derived from nonfat dry milk, and 20% protein replaced by nonfat dry milk; 4)yogurt: a high-calcium (1.3%) diet in which sufficient spray-dried nonfat yogurt was added to the basal diet to increase calcium to 1.3%, with 100% protein replaced by nonfat dry yogurt; and 5) cereal control: the basal diet with a calcium-free control cereal (identical to the calcium-fortified cereal used in diet 3, but without the calcium fortification) with a final calcium concentration of 0.4% and macronutrients adjusted to match the other diets. Ten mice/group were studied for 6 wk, during which food intake and spillage were measured daily and body weight, fasting blood glucose, food consumption, and core temperature were assessed weekly. At the conclusion of the study, all mice were killed under isoflurane anesthesia and blood collected via cardiac puncture; fat pads, soleus, and gastrocnemius muscles were immediately excised, weighed, and used for further study, as described below.
This study was approved by the Institutional Care and Use Committee of The University of Tennessee.
Core temperature. Core temperature was used as an indirect metabolic index to determine the effect of the diets on thermogenesis. Temperature was measured via a thermocouple (Columbus Instruments) weekly. The probe was inserted a constant distance (1.8 cm) into the rectum of each mouse. After stabilization (10 s), the temperature was recorded every 5 s for 30 s. All core temperature measurements were performed between 0800 and 0900 h.
Adipocyte [Ca 2؉ ]i measurement. Adipose tissue was first washed several times with HBSS, minced into small pieces, and digested with 0.8 g/L type I collagenase in a shaking water bath at 37°C for 30 min. Adipocytes were then filtered through sterile 500-m nylon mesh and cultured in DMEM supplemented with 1% fetal bovine serum (FBS). Cells were cultured in suspension and maintained in a thin layer at the top of culture media for 2 h for cell recovery. [Ca 2ϩ ]i in isolated mouse adipocytes was measured by using a fura-2 dual wavelength fluorescence imaging system. Before [Ca 2ϩ ]i measurement, adipocytes were preincubated in serum-free medium for 2 h and rinsed with HBSS containing the following components (in mmol/L): NaCl, 138; CaCl 2 , 1.8; MgSO 4 , 0.8; NaH 2 PO 4 , 0.9; NaHCO 3 , 4; glucose, 5, glutamine, 6; HEPES, 20; and bovine serum albumin, 1%. Adipocytes were loaded with fura-2 acetoxymethyl ester (AM) (10 mol/L) in the same buffer in dark for 1 h at 37°C. Adipocytes were rinsed with HBSS 3 times to remove extracellular dye and then postincubated at room temperature for an additional 30 min to permit complete hydrolysis of cytoplasmic fura-2 AM. A thin layer of adipocytes was plated in 35-mm dishes with glass coverslips (P35G-0 -14-C, MatTek). The dishes with dye-loaded cells were mounted on the stage of Nikon TMS-F fluorescence inverted microscope with a Cohu 4915 CCD camera. Fluorescent images were captured alternatively at excitation wavelength of 340 and 380 nm with an emission wavelength of 520 nm. [Ca 2ϩ ]i was calculated by using a ratio equation as described previously (19) .
Fatty acid synthase (FAS) activity assay. FAS activity was determined spectrophotometrically in crude cytosolic extracts of mouse adipose tissue. Mouse abdominal fat pads were homogenized in 250 mmol/L sucrose solution containing 1 mmol/L EDTA, 1 mmol/L dithiothreitol (DTT), and 100 mol/L phenylmethylsulfonyl fluoride (PMSF), pH 7.4. The homogenate was centrifuged at 18,500 ϫ g for 1 h, and the infranatant was used for measuring oxidation rate of NADPH. The final FAS activity was normalized to DNA, which was measured by CyQUANT cell proliferation assay kit according to the manufacturer's instruction (Packard Instrument).
Lipolysis assay. Perirenal adipose tissue was immediately dissected and incubated for 4 h. Glycerol released into the culture medium was used to measure lipolysis, as described previously (4). Glycerol was measured using a 1-step enzymatic fluorometric method (19) . The final lipolysis data were normalized to DNA, as described above.
Total RNA extraction. A total cellular RNA isolation kit (Ambion) was used to extract total RNA from mouse abdominal adipose tissue and soleus muscle according to the manufacturer's instruction.
Quantitative real-time PCR. Mouse abdominal adipose tissue FAS, peroxisome proliferator-activated receptor (PPAR)␥, mitochondrial uncoupling protein (UCP)2 mRNA, and mouse soleus muscle UCP3 and PPAR␣ mRNA were measured quantitatively using a Smart Cycler Real Time PCR System (Cepheid) with a TaqMan 1000 Core Reagent Kit (Applied Biosystems). The primers and probes for mouse genes were as follows. FAS: forward primer: 5Ј-CCCAGAGGCTT-GTGCTGACT-3Ј, reverse primer: 5Ј-CGAATGTGCTTGG-CTTGGT-3Ј, probe: 5Ј-CCGATCTGGAATCCGCACCGG-3Ј; PPAR␣: forward primer: 5Ј-CGATACTGTCCTCCTTGATGA-3Ј, reverse primer: 5Ј-CGCGTGTGATAAAGCCATTG-3Ј, probe: 5Ј-ACGCGATCAGCATCCCGTCTTTG-3Ј; PPAR␥ forward primer: 5Ј-GCCTATGAGCACTTCACAAGAAATT-3Ј, reverse primer: 5Ј-TGCGAGTGGTCTTCCATCAC-3Ј, probe: 5Ј-TCTG-CCCCACCAACTTCGGAATCAG-3Ј; UCP2 forward primer: 5Ј-GCGTTCTGGGTACCATCCTAAC-3Ј, reverse primer: 5Ј-GCGACCAGCCCATTGTAGA-3Ј, probe: 5Ј-GCCTATGA-GCACTTCACAAGAAATT-3Ј; UCP3 forward primer: 5Ј-CCT-CTACGACTCTGTCAAGCAGTTCTAC-3Ј, reverse primer: 5Ј-CAGCCTGCCAGAATCCTGAT-3Ј, probe: 5Ј-CGCTGGA-GTGGTCCGCTCCCT-3Ј.
Pooled mouse abdominal adipose tissue total RNA was diluted serially in the range of 1.5625-25 ng and used to establish a standard curve of the desired gene; total RNAs for unknown samples were also diluted in this range. Reactions of quantitative RT-PCR for standards and unknown samples were also performed according to the instructions of Smart Cycler System (Cepheid) and TaqMan Real Time PCR Core Kit (Applied Biosystems). The mRNA quantitation for each sample was further normalized using the corresponding 18s or cyclophilin quantitation, with 18S forward primer: 5Ј-AGTCCCTGCCCTTTGTA-CACA-3Ј, reverse primer: 5Ј-GATCCGAGGGCCTCACTAAAC-3Ј, probe: 5Ј-CGCCCGTCGCTACTACCGATTGG-3Ј; cyclophilin forward primer: 5Ј-GGTGGAGAGCACCAAGACAGA-3Ј, reverse primer: 5Ј-GCCGGAGTCGACAATGATG-3Ј, probe: 5Ј-AGCCG-GGACAAGCCACTGAAGGAT-3Ј.
Carnitine palmitoyltransferase (CPT) assay. Liver samples were first homogenized in 10 volumes (wt:vol) of 0.25mol/L sucrose: 0.2mmol/L EDTA (pH 7.5) in a glass tissue grinder to isolate hepatocyte mitochondria. The tissue homogenates were then centrifuged for 12 min at 750 ϫ g to collect the supernatant, which was further centrifuged for 12 min at 6700 ϫ g. These centrifugations were repeated twice and the pellet was then suspended in 4 mL of mitochondrial suspension buffer (70 mmol/L sucrose, 220 mmol/L mannitol, 2 mmol/L HEPES buffer, 1 mmol/L EDTA, pH 7.4). CPT activity was determined by measuring the initial rates of total CoASH formation from palmitoyl CoA by mitochondria individually with l (Ϫ)-carnitine and d (ϩ)-carnitine using a spectrophotometric method. Final data were normalized to cytosolic protein, which was assayed by the method of Bradford (23) .
Statistical analysis. All data were evaluated for normality of distribution and equality of variance before statistical analysis. Variables with skewed distribution were ln-transformed. Outcomes are shown as means Ϯ SD and were evaluated for statistical significance by 1-way ANOVA; significantly different group means were then separated by the least significant difference (LSD) test using SPSS. Difference were considered significant at P Յ 0.05.
RESULTS
Although food consumption did not differ among the 5 groups of mice during the refeeding after energy restriction (food intake/mouse basal group: 3.5 Ϯ 0.1 g/d, high-Ca cereal group: 3.7 Ϯ 0.1 g/d, high-Ca cereal plus dry milk: 3.8 Ϯ 0.1 g/d, yogurt group: 3.9 Ϯ 0.2 g/d, and cereal control group: 3.7 Ϯ 0.1 g/d, P Ͼ 0.05), there was a striking effect of diet on weight gain (P Ͻ 0.05) (Fig. 1A) and fat pad weight (Fig. 1B) (P Ͻ 0.01). Mice refed the 2 low-calcium diets exhibited 27% weight gains and 487% increases in fat pad mass. In contrast, mice refed high-calcium diets exhibited only ϳ50% of this regain. Further, the dairy-based, high-calcium diets were more effective in preventing fat gain than the high-calcium cereal diet; the high-dairy product diets (yogurt or cereal ϩ milk diets) prevented 85% of the fat gain, whereas the high-calcium cereal diet prevented 55% of the fat gain.
Lipolysis was decreased 20% (P Ͻ 0.05) in mice that consumed the 70% energy-restricted, high-calcium cereal diet compared with those that consumed the high-sucrose, highfat, low-calcium diet ad libitum (data not shown). Upon refeeding after energy restriction, the mice refed the milkbased, high-calcium cereal diet exhibited significantly greater lipolysis than mice refed low-calcium diets (P Ͻ 0.03). Adipose tissue FAS activity and expression responded to dietary manipulations in an inverse fashion to lipolysis responses. Energy restriction in mice fed the high-calcium cereal diet decreased FAS activity and expression by 91 and 99%, respectively (data not shown). Upon refeeding, the low-calcium diets restored FAS activity (Fig. 2B) and expression (Fig. 2C) to the basal level (cereal control diet) or higher (low-calcium basal diet, P Ͻ 0.03). In contrast, the groups refed highcalcium diets exhibited markedly lower adipose FAS activity and expression. Furthermore, mice refed the dairy-based, highcalcium diets had lower FAS expression than those fed the cereal-based, high-calcium diet (P Ͻ 0.001).
Energy restriction for 6 wk in aP2 mice fed a high-calcium diet resulted in a 79% decrease in adipocyte [Ca 2ϩ ] i (380 Ϯ 43 vs. 79 Ϯ 10 mol/L). Upon refeeding, the low-calcium diets induced 4-to 5-fold (P Ͻ 0.001) increases in adipocyte [Ca 2ϩ ]i, (Fig. 3) , whereas there was no increase in [Ca 2ϩ ]i among the mice refed the high-calcium diets, suggesting that diet-induced dysregulation of adipocyte [Ca 2ϩ ]i is associated with diet-induced adiposity in aP2-agouti transgenic mice.
To determine whether shifts in liver fat oxidation potentially contributed to changes in adiposity, we also examined liver CPT activity (Fig. 4) . Refeeding aP2-transgenic mice the low-calcium diets slightly increased liver CPT activity (44 and 56%), whereas the high-calcium diets increased CPT activity by 150% (P Ͻ 0.05). However, the source of calcium did not affect liver CPT activity (P ϭ 0.213). The shift in energy metabolism with refeeding was further confirmed by dietary-induced increase in UCP2 expression in adipose tissue (Fig. 5) and UCP3 (Fig. 6 ) expression in skeletal muscle. Upon refeeding, the high-calcium diets induced 8-to 19-fold increases in UCP2 expression in white adipose tissue and 6-to 8-fold increases in UCP3 expression in soleus muscle, compared with the low-calcium diets (P Ͻ 0.001). Furthermore, the dairy-based, high-calcium diets had greater effects (P Ͻ 0.05) on adipose tissue UCP2 expression than the cereal-based, high-calcium diet, although a comparable difference between calcium sources was not found for skeletal muscle UCP3 expression.
We also found that dietary calcium slightly increased core temperature (P ϭ 0.136) (data not shown). This increase, coupled with the lack of difference in food intake during refeeding, suggests a shift in efficiency of energy metabolism from energy storage to thermogenesis.
This shift in energy metabolism was also evident in studies of PPAR␣, a transcriptional factor that regulates cellular lipid catabolism. Refeeding the dairy-based, high-calcium diets markedly increased (Ͼ10-fold) skeletal muscle PPAR␣ compared with the low-calcium diets ( Fig. 7 , P Ͻ 0.001), whereas the cereal-based, high-calcium diet had less of an effect on PPAR␣ expression. Mice refed high-calcium diets exhibited significantly lower adipocyte PPAR␥ expression than those refed the low-calcium diets (P Ͻ 0.03) (Fig. 8) , suggesting that dietary calcium may also inhibit fat mass regain by suppressing adipogenesis. 
DISCUSSION
Obesity is a complex genetic trait, with multiple genes interacting to confer relative resistance or susceptibility to positive energy balance. Similarly, specific micro-or macronutrients, dietary patterns, or both may modulate the same metabolic pathways affected by these genetic factors, thereby altering nutrient and energy partitioning. This concept is supported by emerging evidence indicating that dietary calcium and dairy products may play a role in the modulation of adiposity independent of energy restriction. However, the effect of dietary calcium and dairy products on prevention of fat and weight regain is not yet clear.
The present study demonstrates that dietary calcium exerts marked effects in the regulation of weight and fat regain in aP2-agouti transgenic mice because the high-calcium diets inhibited weight and fat regain, whereas the low-calcium diets promoted fat and weight regain. Notably, dairy sources of calcium appear to exert greater effects than elemental calcium.
Although the diets did not affect energy intake when the mice consumed feed ad libitum after the period of energy restriction, those refed the low-calcium diets showed a rapid, pronounced regain of weight and fat that exceeded that lost during energy restriction. In contrast, the mice refed the high-calcium diets regained only 50% of the weight lost during the energyrestriction period, suggesting that dietary calcium inhibits weight and fat regain by decreasing efficiency of energy utilization during rebound food ingestion.
We also observed that dietary calcium levels are inversely associated with [Ca 2ϩ ]i levels in white adipocyte tissue, with mice refed low-calcium diets exhibiting high adipocyte [Ca 2ϩ ]i, whereas those refed high calcium exhibited low adipocyte [Ca 2ϩ ]i. Adipocyte [Ca 2ϩ ]i was determined to regulate human and murine adipocyte metabolism, as recently reviewed (5). Accordingly, manipulation of [Ca 2ϩ ]i is an attractive and logical approach for development of therapeutic interventions in obesity. 1,25-(OH) 2 -D 3 was shown previously to stimulate [Ca 2ϩ ]i in multiple cell types, including vascular smooth muscle cells, pancreatic ␤ cells, and adipocytes (15, 17, 18, 20) . We demonstrated that 1,25-(OH) 2 -cholecalciferol also acts on human adipocytes to cause a rapid sustained increase in [Ca 2ϩ ]i and a coordinated activation of FAS and inhibition of lipolysis (5, 18, 20) . Increased 1,25-(OH) 2 -cholecalciferol was also observed in obese humans, further suggesting that it may affect human energy metabolism (20) . Consistent with this concept, we demonstrated recently that dietary calcium not only attenuates diet-induced obesity but also accelerates weight loss and fat mass reduction secondary to energy restriction in established obesity in both mice (19) and humans (9) . In the present study, antagonism of [Ca 2ϩ ]i was again achieved through a dietary intervention by increasing dietary calcium. We proposed that suppression of 1,25-(OH) 2 -D 3 dietary calcium would reduce adipocyte [Ca 2ϩ ]i, thereby regulating lipid metabolism in response to different energy status. Indeed, the present study extended our previous observations by demonstrating that dietary calcium not only attenuates diet-induced obesity and accelerates weight loss and fat mass reduction in energy-restricted and obese mice, but also inhibits weight and fat mass regain during refeeding secondary to energy restriction.
Notably, increasing dietary calcium not only modulates energy partitioning by inhibiting lipogenesis and stimulating lipolysis, but also stimulates UCP2 and UCP3 expression and tends to increase core temperature, an indirect metabolic index associated with thermogenesis during refeeding after energy restriction. This may further contribute to the observed attenuation of weight and fat pad regain during refeeding. This concept is supported by our previous observation that 1,25-(OH) 2 -cholecalciferol inhibits UCP2 expression in human adipocytes, indicating that its suppression by increasing dietary calcium may stimulate UCP2-induced thermogenesis and fat oxidation, thereby resulting in decreased energy efficiency.
The function of UCPs is not restricted to thermoregulation because a growing body of evidence links UCP expression to fatty acid metabolism and fatty acid flux in various tissues (24, 25) . Previous studies demonstrated that FFA increase UCP2 and UCP3 expression in adipocytes, pancreatic ␤ cells, and myocytes (26 -29) . These data strongly support a regulation of UCP2 and UCP3 expression by fatty acids and also indicate that UCP activity could be related to fatty acid oxidation. In fact, UCP2 and UCP3 may function as FFA transporters, thereby increasing fatty acid utilization (30, 31) .
The regulation of UCP transcription is attributable to a group of ligand-regulated transcription factors such as peroxisome proliferation-activated factors, which can be activated upon binding fatty acid ligand (32) . Because PPARs are also involved in the regulation of adipocyte differentiation and lipid oxidation (32) , it is possible that they are the key regulators that coordinate the activation of lipid metabolism and oxidation in adipocytes. In fact, a PPAR response element was identified in the UCP promoter region (33, 34) , and PPAR␣ activation in mice is sufficient to induce liver UCP-2 expression (35) . Consistent with this, our data showed that increases in UCP2 and UCP3 expression induced by a high-calcium diet were accompanied by marked increases in PPAR␣ expression during refeeding, indicating that high dietary calcium may stimulate UCPs via a PPAR␣-dependent mechanism. Consistent with the effect of dietary calcium on stimulating thermogenesis and energy partitioning via upregulation of UCPs, we also observed that high-calcium diets significantly increased hepatic activity of CPT during refeeding, suggesting that dietary calcium may stimulate a diversion of hepatic fatty acid metabolism toward the oxidation pathway when refeeding occurs ad libitum. These data suggest that dietary calcium reduces lipid accumulation via energy repartitioning and dissipation, resulting in less regain of fat when refeeding occurs ad libitum.
We also found that refeeding high calcium diets significantly decreased PPAR␥ expression in white adipose tissue. Unlike PPAR␣, which is highly expressed in liver and skeletal muscle and modulates fatty acid oxidation, PPAR␥ is restricted mainly to white and brown adipose tissue and regulates adipogenesis (36) . Accordingly, the present data suggest the possibility that dietary calcium may also inhibit adiposity by decreasing adipogenesis during food readministration.
It is also noteworthy that although dairy and elemental calcium exerted qualitatively comparable effects, the magnitude of these effects was significantly different. Although all 3 high-calcium diets similarly affected inhibition of body weight regain during refeeding, the inclusion of dairy products resulted in significantly less regain of fat and weight compared with mice fed elemental calcium. Consistent with this, calcium derived from dairy products exerted a markedly greater inhibitory effect on lipogenesis and greater stimulatory effect of lipolysis compared with the nondairy calcium source. Previous data demonstrated that the increase in dietary calcium from 1.2 to 1.3% by the addition of a small amount of nonfat dry milk doubled the rate of fat loss (unpublished data), and data from present study are consistent with these observations. Thus, utilizing a dairy source of calcium maximizes the antiobesity effects of calcium.
Additional factors in dairy products responsible for this effect in addition to calcium were recently discussed. Several investigators reported that conjugated linoleic acid (CLA), a component in dairy product and meat is an effective regulator of body fat accumulation and retention (37) . However, the dairy diet utilized in this study included nonfat dry milk and fat-free yogurt, which do not contain CLA; thus, no effects can be attributed to CLA. Other components of dairy products that may contribute to these antiobesity effects include BCAA and small bioactive peptides. Our preliminary data in mice isolated most of the additional bioactivity of dairy products to the whey fraction (unpublished data), which contains a high proportion of BCAA (leucine, isoleucine, and valine). BCAAs, especially leucine, play a specific metabolic role in the regulation of energy metabolism and muscle protein synthesis (38, 39) . In skeletal muscle, leucine stimulates protein synthesis and inhibits protein catabolism through multiple independent mechanisms (40,41). Leucine stimulates protein synthesis through the mammalian target of rapamycin (mTOR) pathways, 70-kDa ribosomal protein S6 kinase activity, and enhances eukaryotic initiation factor (eIF)4E-binding protein phosphorylation and the association of eIF4E with eIF4G (42,43). Accordingly, dairy products provide sufficient BCAAs to be able to maintain the high concentration of intracellular leucine required by these signaling pathways. Milk proteins were also reported to contain substantial angiotensin-converting enzyme (ACE) activity (44, 45) . Furthermore, recent data demonstrated that adipocytes have an autocrine/paracrine rennin-angiotensin system and that adipocyte lipogenesis is regulated partially by angiotensin II (46) . Moreover, inhibition of the rein-angiotensin system mildly attenuates obesity in rodents, and clinical observations in hypertensive patients treated with ACE inhibitors support this concept (21). In addition, our recent data demonstrated that dairy-derived ACE inhibitors augment the antiobesity effects of calcium in aP2 transgenic mice.
In summary, high-calcium diets exert potent effects in weight maintenance during refeeding after energy restriction in aP2-agouti transgenic mice. High-calcium diets suppressed adipocyte [Ca 2ϩ ]i, stimulated lipolysis, and inhibited lipogenesis and a corresponding increase in core temperature. Consequently, dietary calcium facilitates the reduction of fat tissue mass and body weight in refeeding by modulating energy metabolism, which serves to reduce energy storage and increase ␤-oxidation. This concept that calcium modulation of adiposity is consistent with the observations obtained epidemiologically in the NHANES III data set (20) , the Quebec Family Study (47) , CARDIA (48) , and a recent clinical trial (9) . Moreover, a dairy source of calcium exerts greater effects on preventing regain than supplementary calcium carbonate.
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